The BIO 14.6 hamster (dystrophic), animal model of limb girdle muscular dystrophy, exhibits low plasma triiodothyronine levels, muscle weakness, and decreased breathing. After exposure to acute intermittent bouts of hypoxia ( Plethysmography was used to evaluate ventilatory responses of the three groups to air, five bouts of five minutes of 10% oxygen each interspersed with five minutes of air, followed by 60 minutes of exposure to air. CO 2 production was measured using the flowthrough method. Vehicle-treated dystrophic and PTU-treated hamsters exhibited LTD.
Introduction
Muscular dystrophies are a group of inherited diseases often accompanied by cardiomyopathy and possibly mental retardation. The major cause of death in these patients is attributed to respiratory failure which is related to muscle weakness, but may also be influenced by alterations in control of breathing (18) . There are nine major forms of muscular dystrophy, including limb-girdle muscular dystrophy (17, 53) . Limb-girdle muscular dystrophy can result from the mutation of the sarcoglycan genes. Loss -and -sarcoglycan genes also results in the loss of the sarcoglycan-sarcospan, dystroglycan complexes, sarcolemmal neural nitric oxide synthase and the -sarcoglycan containing complex in skeletal muscle (11, 12, 53) .
The BIO 14.6 hamster is an animal model of limb-girdle muscular dystrophy due to a mutation of -sarcoglycan gene, resulting in the absence of the sarcoglycan protein and reduced expression of -dystroglycan (24). In addition to limb-girdle muscular dystrophy, BIO 14.6 hamsters exhibit low triiodothyronine (T 3 levels) but normal thyroxine levels resulting in euthyroid sick syndrome (49, 51) and later in life develop cardiomyopathy (10) .
Thyroid hormone status may affect breathing in a variety of ways including:
changing the structure and function of the diaphragm, altering the levels of neurotransmitters or receptors, and regulating the function of central nervous system channels (4, 8, 21, 22) . BIO 14.6 dystrophic hamsters exhibit lower ventilatory responses to hypoxia and hypercapnia, as well as lower O 2 consumption, and CO 2 production relative to the control hamsters (48). Previous research indicates that golden Syrian hamsters made hypothyroid by the administration of propylthyiouracil (PTU) also exhibit lower ventilatory responses to hypoxia compared to euthyroid hamsters (50).
Moreover, thyroxine supplementation in dystrophic hamsters was able to normalize their ventilatory responses to hypoxia (49). Thus, thyroid status affects control of breathing in hamsters.
In awake and sleeping human subjects, hypothyroidism influences control of breathing (16, 38, 46, 55). In addition, hypothyroidism can cause obstructive sleep apnea (42, 39, 52). Following thyroxine treatment ventilation improved greatly in hypothyroid patients with sleep apnea (27) . Hypothyroidism may decrease ventilatory neural output and may affect the expression of a number of neurotransmitters and their receptors including serotonin (9, 14, 30, 36, 47 ).
Exposure to intermittent hypoxia (IH) lasting a few minutes can induce a form of neuronal plasticity termed ventilatory long-term facilitation (LTF) (1) . Studies involving patients with obstructive sleep apnea and other studies in rats, reported that when the subjects were exposed to air or hyperoxia following exposure to several bouts of IH, ventilation and neural activity from phrenic, vagal, intercostals, and hypoglossal motoneurons increased above baseline values, thus, exhibiting LTF (9, 35) . LTF is dependent upon activation of serotonin receptors (especially 5-HT 2A receptors), elevated levels of brain derived neurotrophic factor (BDNF) in the CNS, (2, 31, 34) affecting catecholamines (26), activation of dopamine D 2 receptors (Schlenker, unpublished observations). LTF in humans, as well as animals, can also be affected by arousal state (awake or sleeping), age, gender, and sex steroid hormones (31, 35, 54) .Thus, intermittent hypoxia may not always induce LTF. The role of thyroid hormones in eliciting ventilatory LTF is not known.
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Research in our lab indicated that dystrophic BIO 14.6 hamsters exhibited longterm depression (LTD) following intermittent hypoxia (Schlenker, unpublished observations). Therefore, low thyroid levels may contribute to the development of longterm depression. The mechanism by which LTD develops in low T 3 syndrome is not currently known, but may involve thyroid hormone modulation of serotoninergic and catecholaminergic function and effects on intracellular signaling systems.
In the present study, ventilation of euthyroid golden Syrian, BIO 14.6 (dystrophic), and PTU-treated (hypothyroid) hamsters was recorded at baseline, during exposure to intermittent hypoxia, and following intermittent hypoxia after administration of vehicle or MDL. We first hypothesized that ventilation in air and during intermittent hypoxia would be lower in the dystrophic and PTU-treated hamsters relative to that in euthyroid hamsters and depressed by MDL treatment only in the euthyroid group.
Secondly, we hypothesized that following intermittent hypoxia the euthyroid group would exhibit ventilatory long-term facilitation, the dystrophic group would exhibit longterm depression, and ventilation in PTU-treated group would be similar to the dystrophic group. Finally, we hypothesized that the 5-HT 2A receptor antagonist, MDL, should cause long-term depression in the euthyroid group and have no effect on ventilation following exposure to acute intermittent hypoxia in the dystrophic and PTU-treated hamsters. Committee approved all methods used in this experiment.
Methods

Animals
Respiratory metabolic chamber. Respiratory and metabolic measurements were made in a 20.2 cm x 7.9 cm Plexiglas cylinder. One end of the cylinder was closed and contained openings for calibration (using a 1 mL glass syringe), measuring chamber temperature (using a Taylor series 9940 thermometer), determining pressure changes within the chamber associated with breathing using a Statham low pressure transducer (coupled to an Acknowledge System by BioPac data acquisition system), and an input port for air or 10% oxygen in nitrogen. The other end of the cylinder was closed and contained two openings. One opening was used to determine flow rate through the chamber using a Gilmont rotameter. The other opening could be connected to a "leak" or connected to a gas analyzer (Vacu-Med Model 17515
A gas analyzer) used to measure the fractional content of CO 2 .
Tidal volume was evaluated using the method of Schlenker (48). Inspiratory and expiratory times were measured from ten breaths and averaged for each portion of the experiment. Frequency was determined by dividing sixty seconds per minute by the total (Figure 1a ), but similar to that of the dystrophic group. Body weight-corrected minute ventilation was significantly lower in the dystrophic group relative to the control group (P=0.0275) (Figure 2a ), but comparable between the control and PTU-treated groups. CO 2 production, corrected by body weight, was significantly lower in the dystrophic and PTU-treated groups relative to the control group (P=0.002) (Figure 3a ). There were no differences in ventilatory equivalents among the three groups (Figure 4a ).
Baseline Respiratory and Metabolic Parameters effects of MDL.
We hypothesized that MDL would depress ventilation in the euthyroid, but not dystrophic and PTU-treated groups. Relative to vehicle, MDL treatment affected most parameters differently in the three groups. MDL treatment relative to vehicle increased frequency in the euthyroid group (P=0.0136) ( Table 1) , but had no effect in the dystrophic or PTU-treated groups. Tidal volume was significantly lower in the euthyroid In summary, during exposure to air, MDL decreased body temperature in all groups. In the dystrophic group, MDL had no effect on respiratory and metabolic parameters, whereas in the euthyroid group all variables were affected by MDL treatment. In the PTU-treated group the effects of MDL treatment on respiratory and metabolic parameters fell somewhere between those of dystrophic and euthyroid groups.
Metabolic and Ventilatory Responses to Intermittent Hypoxia: Vehicle treatment
We hypothesized that during intermittent hypoxia, ventilation would be lower in the dystrophic and PTU-treated groups relative to the euthyroid group. Vehicle-treated hamsters in all three groups when exposed to intermittent hypoxia did not increase frequency relative to baseline values (Table 1 ). Group differences observed at baseline were maintained throughout exposure to intermittent hypoxia. In contrast, intermittent hypoxia had more complex effects on body weight-corrected tidal volume in the three groups relative to baseline. With vehicle treatment, tidal volume increased during exposure to intermittent hypoxia in all groups relative to baseline. Ratios of tidal volume during hypoxic exposure to tidal volume at baseline were not different among groups with vehicle treatment (Table 2 ).
With vehicle treatment there were no differences in body weight-corrected tidal volume between the euthyroid and dystrophic groups from H 1 to H 4 , although at H 5 dystrophic hamsters' values were lower than that of the euthyroid group ( Figure 1a ). In contrast, there were differences in tidal volume between the dystrophic and PTU-treated groups from H 1 to H 5 . At H 5 , tidal volume in dystrophic and PTU-treated groups was significantly lower than in the euthyroid group (P=0.0003). In general, tidal volume of PTU-treated hamsters was lower than that of euthyroid and dystrophic hamsters.
With vehicle treatment repeated exposures to hypoxia showed that body weightcorrected minute ventilation was significantly lower in the dystrophic and PTU-treated groups relative to the euthyroid group ( Figure 2a ). CO 2 production was not affected by exposure to intermittent hypoxia relative to baseline in any group (Figure 3a ). In the euthyroid group, CO 2 production was higher relative to the dystrophic and PTU-treated groups, but there are no differences between the dystrophic and PTU-treated groups.
With vehicle treatment exposure to intermittent hypoxia had no effect on ventilatory equivalent relative to baseline values in any group (Figure 4a ).
Metabolic and Ventilatory Responses to Intermittent Hypoxia: MDL treatment
We hypothesized that MDL would depress ventilation during intermittent hypoxia in the euthyroid, but not dystrophic and PTU-treated groups. After MDL treatment, body weight corrected tidal volume in the PTU-treated group was lower than in the euthyroid and dystrophic groups ( Figure 1b ). Moreover, there was no significant difference between control and dystrophic values from H 1 to H 5 . With MDL treatment tidal volume ratios (value during hypoxic exposure/baseline value) in the euthyroid and PTU-treated groups decreased relative to vehicle ratios (Table 2) . Moreover, with MDL treatment tidal volume ratios of each hypoxic exposure relative to baseline values decreased from H 1 to H 5 in the euthyroid (P=0.0067), but not in the dystrophic and PTU-treated groups (Table   2) , and the tidal volume ratios during intermittent hypoxic exposures were lower in the dystrophic group relative to the dystrophic and PTU-treated groups (F 2, 64 =3.89, P=0.042; Table 2 ). All groups increased minute ventilation at H 1 relative to baseline with MDL treatment (Figure 2b ).
During exposure to intermittent hypoxia after MDL treatment relative to vehicle, minute ventilation was lower (P<0.02) in the PTU and dystrophic groups relative to euthyroid hamsters at H 4 . During repeated exposures to hypoxia, the ratios of minute ventilation responses relative to baseline decreased in the dystrophic (P=0.0004), PTUtreated (P=0.0021), and control groups (P=0.0005) ( Table 3) .
MDL treatment relative to vehicle increased CO 2 production at H 5 in the control group (P=0.0081), but had no effect in the dystrophic or PTU-treated groups ( Figure 3b ).
Overall, exposure to intermittent hypoxia (H 5 ) did not affect the CO 2 production response among the groups relative to their respective vehicle or MDL baseline values.
With MDL treatment, ventilatory equivalents were decreased in the euthyroid group relative to the dystrophic and PTU-treated groups (F 1,32 =21.82, P<0.0001, Figure   4b ). Overall, there was a decrease in ventilatory equivalent in the control group with MDL treatment relative to vehicle treatment due to a decrease in minute ventilation and an increase of CO 2 production.
Respiratory and Metabolic Responses Following Intermittent Hypoxia Vehicle
Treatment.
We hypothesized that following intermittent hypoxia the euthyroid group would exhibit ventilatory long-term facilitation, the dystrophic group would exhibit long-term depression, and ventilation in PTU-treated group would be similar to the dystrophic group. Following intermittent hypoxia compared to baseline values there was no effect on frequency in the vehicle-treated euthyroid group, but frequency decreased in the dystrophic (P=0.0039) and PTU-treated (P=0.0007) groups (Table 1) 
Respiratory and Metabolic Responses Following Intermittent Hypoxia MDL
We had hypothesized that MDL treatment would eliminate ventilatory LTF in the euthyroid hamsters, but have no effect on the dystrophic and PTU-treated groups.
Although we did not report LTF with vehicle treatment in the euthyroid group, MDL did depress ventilation in that group following intermittent hypoxia. The mechanisms for effects of MDL on ventilation are described below.
Following MDL treatment frequency decreased in the euthyroid group after intermittent hypoxia relative to baseline (P=0.005), in the dystrophic (P=0.0183) and the PTU-treated (P=0.0044) groups relative to baseline values (Table 1) . Thus, with MDL treatment the pattern of frequency response of the euthyroid group became similar to that of the dystrophic and PTU-treated groups.
With MDL relative to vehicle treatment following exposure to intermittent hypoxia, the euthyroid group decreased tidal volume (F 1,45 =137, P<0.0001), which Thus, MDL treatment depressed ventilation following intermittent hypoxia in the control hamsters.
With MDL relative to vehicle treatment, CO 2 production increased in the euthyroid group (P<0.0001) (Figure 3b ). CO 2 production increased slightly in the dystrophic group at A 60 (P=0.0461) with MDL treatment (Figure 3b ). In the PTU-treated group there was no significant effect on CO 2 production with MDL treatment.
Following intermittent hypoxia, MDL treatment relative to vehicle decreased ventilatory equivalent in the euthyroid group, but not in the other two groups (P<0.0001) (Figure 6b ). Moreover, with MDL treatment the ventilatory equivalents at A 15 , A 45 and A 60 were higher in the PTU and dystrophic groups relative to those in the control group.
Thus, MDL treatment resulted in a marked decrease in ventilatory equivalent in the euthyroid group, and not the other groups, was due primarily to a large increase in CO 2 production and a decrease in minute ventilation.
Discussion
The studies presented here show that at baseline body weight-corrected minute ventilation was similar in the PTU-treated and euthyroid groups, but depressed in the dystrophic group. In addition, CO 2 production was significantly lower in the dystrophic and PTU-treated groups relative to the control group, but there were no differences in ventilatory equivalent among the three groups at baseline. During exposure to intermittent hypoxia relative to baseline, minute ventilation responses decreased in the dystrophic and PTU-treated groups, but not in the euthyroid group. Following exposure to intermittent hypoxia, minute ventilation decreased below baseline values in the dystrophic and PTU-treated groups primarily due to a decrease in tidal volume. Thus, the dystrophic and PTU-treated groups exhibited long-term depression (LTD). Euthyroid hamsters did not exhibit LTF, but maintained ventilation following intermittent hypoxia.
This finding is in contrast to findings in earlier pilot studies.
When comparing MDL treatment to vehicle, ventilation was decreased in the euthyroid group at baseline, during, and following intermittent hypoxia; effects not observed in the dystrophic group. CO 2 production was increased in the euthyroid group with MDL treatment relative to vehicle resulting in a ventilatory equivalent that was significantly lower with MDL relative to vehicle treatment. Finally, with MDL treatment, body temperature was significantly lower in all groups relative to vehicle. The subsequent sections discuss the relevancy of these findings.
Body Temperature. MDL treatment decreased body temperature in all groups.
Body temperature is the balance between heat production and heat loss. Factors contributing to heat production include increasing sympathetic nervous system activity that increases metabolic rate and brown fat activity (20) . Vasomotor tone (dilation and constriction) can affect body temperature. Heat loss occurs via vasodilatation and may also be lost through an increase in ventilation (20) . Serotonin and its receptors can modulate the function of the sympathetic nervous system, and thereby affect body 
Comparison of Ventilation in Euthyroid, Hypothyroid and Dystrophic Hamsters
The lower ventilation in air, during, and after intermittent hypoxia of dystrophic hamsters noted in the present study concurs with previous findings from our laboratory (48, 49, and Schlenker, unpublished observations). Unlike the elaboration of ventilatory LTF noted in hamsters in a previous study (Schlenker, unpublished results), hamsters in the present study did not exhibit LTF. The factors responsible for the different findings are not known but not all studies using intermittent hypoxia protocols elicited LTF in rats or humans (35, and references within). Factors such as the sleep state of a subject may determine if LTF could be elicited following exposure to intermittent hypoxia. Hamsters in the present study were studied during the light cycle which corresponds to their "sleep" periods". We did not instrument the hamsters to evaluate their arousal state, but made measurements when the animas' eyes were open and resting as we did in the previous study. One factor that may differ is the time of the year the studies were conducted.
Ventilatory LTF was induced in hamsters studied in the late fall and winter in pilot studies, whereas the present study was conducted in the summer. Additional investigations needed to be conducted to determine if seasonality may affect the production of ventilatory LTF in the hamster. Another limitation is that we did not evaluate thyroid hormone levels in the three groups. Since we have used the animal models in previous studies (50, 51), we assumed that they would exhibit similar thyroid hormone abnormalities. Moreover, thyroid hormone measurements on PTU-treated and BIO 14.6 hamsters in a separate study indicated depressed thyroid function with low T 3 levels in the dystrophic hamsters (unpublished observations). receptors.
Perspectives and Significance
Even though the prevalence of hypothyroidism in the population is over 5% and that of subclinical hypothyroidism over 10%, the mechanisms responsible for frequent abnormalities in control of breathing such as sleep apnea in these subjects are not well Asterisks denote significant differences of dystrophic and PTU-treated groups relative to the euthyroid group and pound signs denote significant differences between dystrophic and PTU-treated groups. Values are means and standard deviations. Asterisks denote significant differences of the dystrophic and PTU-treated groups relative to the euthyroid group, pound signs denote significant differences between dystrophic and PTU-treated groups, and the † denotes significant effects of MDL treatment relative to vehicle. Asterisks denote significant differences of dystrophic and PTU-treated groups relative to the euthyroid group and pound signs denote significant differences between dystrophic and PTU-treated groups. Asterisks denote significant differences of dystrophic and PTU-treated groups relative to the euthyroid group and pound signs denote significant differences between dystrophic and PTU-treated groups. 
